Background: To develop less costly methods to virologically monitor patients receiving antiretroviral therapy, we evaluated methods that use pooled blood samples and quantitative information available from viral load assays to monitor a cohort of patients on first-line antiretroviral therapy for virologic failure.
Introduction
In settings in which resources are available, diagnosis of the failure of antiretroviral therapy (ART) to suppress HIV replication is made by the regular monitoring of HIV RNA levels (viral loads) in the blood while a patient is being treated [1] . Monitoring for virologic failure during ART is important to limit the development and transmission of HIV drug resistance [2] [3] [4] , as both can significantly diminish the effectiveness of ART and resistance that develops to one antiretroviral drug in a regimen often confers resistance to other drugs of the same class [5] [6] [7] . The current clinical guideline for monitoring viral loads during ART is every 3 months, and this monitoring strategy has proven cost-effective in resource-wealthy settings [8] . Because of capability and cost, the use of viral loads to monitor for virologic failure during ART is not recommended or performed in most resource-limited settings [9] [10] [11] [12] [13] , and in efforts to save resources, some have proposed detailed historical, hematological, immunological and clinical monitoring instead [9, [14] [15] [16] . Recent studies, however, have demonstrated that measures that do not monitor for active viral replication are not sufficient to detect virologic failure and foster the spread of drug resistance within a population [11, 13, 14, 17] . Less expensive methods to monitor for virologic failure during ART will thus be required in resource-limited settings to make virologic monitoring feasible.
Pioneering efforts to use HIV RNA detection among people presenting for HIV testing found that a pooling strategy which had previously been used for syphilis testing [18] would identify considerable numbers of individuals who were acutely infected with HIV despite a negative HIVantibody test [19] [20] [21] . Because testing for HIV RNA in each blood sample would be expensive, the innovation was to pool blood samples and perform one HIV RNA assay on a pooled sample. If the sample was negative for HIV RNA, then most likely all individuals in the pool were negative for HIV infection [21] [22] [23] . This strategy was found to be a highly efficient and affordable means of identifying individuals with acute HIV infection [21] . Currently, HIV RNA and hepatitis C virus RNA nucleic acid testing (NAT) on blood plasma pooled from blood donors is used to screen the United States blood supply for HIV and hepatitis C virus contamination [22] . In a similar fashion, we demonstrate that viral load monitoring in pooled blood samples can be used to monitor for active HIV replication in patients receiving ART, that is, virologic failure [24] . We applied two pooling algorithms to screen for virologic failure after 6 months of first-line ART for a cohort of patients in the United States. One method was based on a 10 Â 10 pooling matrix to maximize assay efficiency in terms of number of assays performed per number of individual samples screened. The second strategy used nonoverlapping minipools of five samples per screen to decrease result turnaround time while also improving assay efficiency compared with viral load testing on each individual sample. Because of the potential cost savings of these methods, these data could have substantial consequences for the clinical management of HIV-infected patients receiving ART in resource-limited settings.
Methods

Study population and drug resistance testing
This study was approved by our local ethics committee. We included all participants of the San Diego Acute Infection and Early Disease Research Program (AIEDRP) between January 1998 and January 2007, who had received their first ART regimen, containing at least three agents, for 6 months (AE2 weeks). The timing of study participation was determined so as to include 150 eligible samples. Eligibility for the AIEDRP required that all participants have laboratory-documented evidence of HIV infection within 12 months of enrollment, as previously described [25] , though timing of ART in relation to duration of infection was not an eligibility requirement for this study. Blood plasma samples collected during the AIEDRP study had been aliquoted and stored at À808C without previous thaws. As part of their participation in the San Diego site of AIEDRP, most participants received baseline drug resistance testing (Geneseq; Monogram Biosciences, South San Francisco, California, USA).
Nucleic acid testing
NAT was performed using the ultrasensitive Amplicor HIV-1 monitor viral load assay (Roche Molecular Diagnostics, Pleasanton, California, USA), which has a lower level of viral detection of 50 HIV RNA copies/ml. We compared three NAT screening methods to evaluate the identification of virologic failure during ART among our cohort: testing samples individually, 10 Â 10 matrix pools and minipools of five samples. Samples were individually tested and placed within the matrix and minipool platforms based on chronological collection in the AIEDRP cohort . Individual sample testing and reformatting into minipools or matrices were performed by a single technician who was blinded to the clinical information of the individuals. The average time to perform a viral load assay by the technician was measured as well as the technician time required to constitute the minipools and matrix pools. Algorithm thresholds for resolving ambiguities within the two pooling platforms were defined a priori as more than 500 and more than 1500 HIV RNA copies/ml for the matrix and more than 250 and more than 500 HIV RNA copies/ml for the minipool. A search algorithm that combined quantitative viral load information from the pooled samples and viral load information from individual samples was used to resolve ambiguities based on the algorithm thresholds [26] . See Supplementary methods for details.
Matrix
On the basis of previous research [23, 24] , a 10 Â 10 matrix platform was used for these analyses (Fig. 1a ). Eligible blood plasma samples were thawed once, and 50 ml was pooled from 10 samples for a total of 500 ml for each row (letters A-J) and column (numbers 1-10). Matrix pooled blood plasma samples were assayed for viral loads (Amplicor; Roche Molecular Diagnostics). On the basis of this platform, each sample was tested twice, once in a row pool and once in a column pool for each matrix. Using the 150 eligible samples, three matrix pools were tested, such that each sample was included in two different matrices (Matrix 1: samples 1-100, Matrix 2: 51-150, Matrix 3: 1-50, 101-150). We used a search algorithm that combines quantitative viral load information from the pooled samples and viral load information from individual samples to resolve ambiguities, as described in the Supplementary methods [24] .
Minipools of five samples
Similarly, a platform of minipools of five samples was used for these analyses (Fig. 1b ). Separate aliquots of blood plasma collected from eligible participants after 6 months of ART used in the 10 Â 10 matrix and individual testing experiments above were thawed once and 100 ml were pooled from five samples for a total of 500 ml for each minipool. Pooled blood plasma samples were assayed for HIV RNA levels, as described above. Using the 150 eligible samples, 30 minipools were tested. Samples were placed within minipools based on chronological collection in the AIEDRP cohort (1-150) and assayed for HIV RNA levels. Similar to the matrix analyses, we used a search algorithm to resolve samples with ambiguous viral loads, as described in the Supplementary methods [24] .
Results
Participants
Between January 1998 and January 2007, 168 study participants started ART during their participation in the cohort and had blood plasma samples available for analysis after 6 months of therapy. Eighteen of these participants were not eligible for the study because they had discontinued their first ART regimen before completing 6 months of ART. Twelve of these had changed or stopped their first-line regimen secondary to medication intolerance. The remaining six individuals changed or stopped their ART regimen secondary to virologic failure after virologic suppression, which was identified between 2 and 5 months after the start of their initial regimen. The average viral load at time of virologic failure for these six individuals was 3.2 log 10 HIV RNA copies/ml (range 64-6780 HIV RNA copies/ml). The majority of the remaining 150 participants were White men who reported sex with men as their HIV risk factor (91%). At the time of starting ART, the average estimated duration of infection was 266 days (range 8-1918 days), the median CD4 cell count was 466 cells/ml and mean viral load was 3.9 log 10 HIV RNA copies/ml ( Table 1 ). Viral load testing of individual eligible samples collected after 6 months of ART revealed that 23% of samples were detectable (>50 HIV RNA copies/ml), and the mean viral load of these samples was 2.3 log 10 HIV RNA copies/ml (range: 51-5180 HIV RNA copies/ml). Although participants receiving protease inhibitor-based ART regimens had a nonsignificantly higher percentage of virologic failure than those receiving nonnucleoside reverse transcriptase inhibitor-based ART regimens (27 versus 16%; P > 0.1, Exact test). There was also no difference between those with virologic failure and those without when comparing demographics (age and sex) and other baseline characteristics including reported HIV risk factor, baseline plasma viral load, CD4 cell counts and drug resistance (P > 0.2, Exact and Wilcoxon tests) ( Table 1) .
Matrix and minipool testing characteristics for the study cohort One hundred and fifty samples were used to evaluate each method for relative efficiency comparing the number of viral load assays performed with the number of individual samples screened and ability to identify individual samples harboring virologic failure during ART at various levels of viral loads. For algorithm thresholds of 500 and 1500 HIV RNA copies/ml, the average relative efficiency of 10 Â 10 matrix pools was 0.56 and 0.70, respectively. This means that with a relative efficiency of 0.70, the matrix approach uses 70% fewer assays than individual testing ( Table 2) . At the 500 HIV RNA copies/ml threshold, the average negative predictive values for individual samples with viral loads more than 500, more than 250, more than 100 and more than 50 copies HIV RNA copies/ml was 100, 97, 90 and 86% for the matrix approach, respectively. At the 1500 HIV RNA copies/ml threshold, the average negative predictive values for individual samples with viral loads more than 500, more than 250, more than 100 and more than 50 copies HIV RNA copies/ml were 100, 95, 89 and 83% for the matrix approach, respectively ( Table 2) . For the minipool method, the average relative efficiency was 0.41 for the 250 HIV RNA copies/ml threshold and (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) in the 10 Â 10 matrix (a) and by five samples in the minipool (b) approach. Viral load tests were then performed on the pooled samples only (hexagons). When ambiguity was generated as to which individual samples in the matrix method (A) were above the threshold of HIV RNA detection and represented virologic failure, then individual samples (circles) that were ambiguous were assayed using the search and retest algorithm as described in the methods section. Similarly, when a minipool (hexagon) was tested and was above the threshold of HIV RNA detection, a simple procedure was used to resolve which individual sample(s) (circles) in the minipool harbored virologic failure. 0.56 for the 500 HIV RNA copies/ml threshold ( Table 2) . At the 250 HIV RNA copies/ml threshold, the average negative predictive values for individual samples with viral loads more than 500, more than 250, more than 100 and more than 50 copies HIV RNA copies/ml were 100, 98, 93 and 88% for the minipool approach, respectively. At the 500 HIV RNA copies/ml threshold, the average negative predictive values for individual samples with viral loads more than 500, more than 250, more than 100 and more than 50 copies HIV RNA copies/ml were 100, 94, 88 and 82% for the minipool approach, respectively ( Table 2 ). In summary, the negative predictive value was always 100% for either the minipool or matrix platform at the thresholds evaluated when an individual sample had a viral load more than 500 HIV RNA copies/ml, that is, in this study population, the pooling platforms correctly identified all samples without virologic failure (<50 HIV RNA copies/ml) as confirmed by viral load testing of the individual samples.
The calculated time for one technician to perform 100 viral load assays on 100 individual samples was 5 days. As we used a search and retest method to identify samples within the matrix or minipools that required individual viral load testing and the results of those viral loads determined the next sample to be tested, there was a turnaround time for all ambiguous samples to be resolved for both pooling methods. The time to screen and resolve 100 individual samples in our cohort for virologic failure using the 10 Â 10 matrix and the minipool method with the same threshold of 500 HIV RNA copies/ml was an average of 17 days and 5 days, respectively ( Table 2) . Although the matrix platform required an average of 17 days to resolve all samples above the 500 HIV RNA copies/ml threshold, 66% of all individual samples with viral loads more than 50 HIV RNA copies/ml were resolved in the first day.
Discussion
In one of the largest and most expensive public health endeavors ever, over 3 million people worldwide are receiving potent ART [10, [27] [28] [29] . The continued success of this intervention is limited when ART fails to suppress HIV replication. HIV drug resistance can then develop and be transmitted [4, 11, 15, 30, 31] . To improve clinical outcomes and limit the development of drug resistance, clinical programs in resource-wealthy settings regularly monitor patients receiving ART with viral load assays. Many resource-limited settings, however, have minimized laboratory monitoring in exchange for wider availability of HIV treatment [11, 13, 16, 32, 33] , and 2154 AIDS 2009, Vol 23 No 16 virologic monitoring is not recommended or performed in most resource-limited settings [10, 11, 27, 34] . Some have proposed historical, hematological, immunological and clinical monitoring instead [15] , but these have proven suboptimal [13, 14, 35, 36] . Although expensive, virologic monitoring will provide optimal clinical outcomes for individual patients and for populations; less expensive methods to monitor for viral replication during ART will be needed to make such monitoring feasible in resource-limited settings [10, 13, 17, 27] . To this end, we demonstrate here using existing clinical data and banked samples how NAT applied to pooled blood samples can maintain accuracy while being used to reduce the number of viral load tests needed to screen a population of patients receiving ART.
Building on methods used to screen individuals for acute HIV infection [21] , we demonstrate that pooling strategies can also be used to virologically monitor patients receiving ART with excellent accuracy and greatly improved efficiency, as compared with performing viral loads on individual samples. The use of NAT on blood samples pooled from patients receiving ART to identify instances when ART is failing, however, is more challenging than using NAT on pooled blood samples to identify instances of acute HIV infection. First, during acute HIV infection, the level of HIV RNA is much higher than when ART fails to fully suppress HIV replication. Because the threshold level of HIV RNA detection is much higher for NAT when blood samples are pooled, the number of samples that can be pooled and still detect a clinically meaningful level of viral replication during ART is much smaller than what is often needed for the detection of acute HIV infection. Second, among people being tested for HIV or donating blood, the prevalence of acute HIV infection is rare, while for patients receiving ART the prevalence of virologic failure would be much greater and therefore require more resolution testing of pooled samples than would be expected for acute HIV infection screening. To overcome these obstacles, we implemented NAT pooling strategies combined with a search and retest algorithm using the quantitative information available from the viral load assay.
Overall, these methods demonstrated excellent accuracy compared with performing viral loads on individual samples. Theoretically, the minimum detectable viral load on a pool of 10 samples (matrix method) is 500 HIV RNA copies/ml if all samples without virologic failure are assumed to have a viral load of zero HIV RNA copies/ml; however, the presented matrix method could detect individual samples of more than 250 and more than 100 HIV RNA copies/ml with 95 and 89% negative predictive values, respectively. Similarly, the minipool method demonstrated excellent accuracy across all viral load thresholds tested. These methods could detect virologic failure at levels less than the 'theoretical' lower level of detection of the assay in the pool because the search and retest algorithm used to resolve ambiguous samples involves testing of individual samples in the pool. Almost all of the levels of detection evaluated were well below the required viral load that is necessary to perform most commercial drug resistance assays, generally more than 1000 HIV RNA copies/ml [37] .
In addition to maintaining accuracy to detect virologic failure at the lower viral load levels, the matrix pooling and minipool methods demonstrated a considerable reduction in the number of viral load assays required to screen individuals receiving ART. Using the lowest level viral load thresholds, the matrix pooling method used an average of 44 assays and the minipool method used an average of 59 assays to screen 100 study participants for virologic failure while receiving ART ( Table 2 ). The cost of a single ultrasensitive viral load at UCSD Medical Center is $75 (USD); therefore, these methods reduce the cost to $23 (USD) per assay, that is, 70% savings ( Table 2) . Although labor costs associated with constituting the matrix could offset any savings, the technician time required to perform the additional viral load assays in our experiments was greater than that required to constitute the matrices. Of course, all costs will vary by clinical setting and therefore must be evaluated locally.
Although we used a particular commercially available viral load platform (Ultrasensitive Amplicor; Roche), the methods presented here are not platform specific and 100  100  100  100  100  75  5  Minipool  250  59  100  98  93  88  45  7  500  44  100  94  88  82  33  5  Matrix  500  44  100  97  90  86  33  17 b  1500  30  100  95  89  83  23  9 b Costs are in US dollars. NA, not applicable. a Only accounting for cost of assay performed at commercial laboratory, not additional costs to constitute the matrix or minipool. b Although the matrix pooling platform required an average of 17 and 9 days to resolve all samples below the threshold, !66% of all individual samples with viral loads more than 50 HIV RNA copies/ml were resolved in the first day.
most likely could be translated to other viral load platforms. In resource-limited settings with diverse HIV-1 subtypes, adaptation of assays in current clinical use would allow the efficiency gains described here without sacrificing sensitivity to locally relevant subtypes. Their use in conjunction with lower cost technologies being developed for the measurement of HIV RNA could reduce the cost even further than is demonstrated here. In fact, these methods could potentially be used for a wide variety of clinical diagnostics in which measurement data are continuous. Common examples of these types of laboratory measurements include viral load measurements of hepatitis B and C viruses and cancer diagnostics such as prostate-specific antigen for prostate cancer, alpha-feta protein for hepatocellular carcinoma or carcinoembryonic antigen for colon cancer. These methods would need to be validated in clinical populations.
Although less expensive methods are needed to bring virologic monitoring to resource-limited settings, whether or not these proposed methods will be sufficient needs to be evaluated in local clinical and laboratory settings. The investigations presented here were performed in a well equipped laboratory by well trained technicians, which may not always be available in resource-limited settings. The proposed strategies may be too cumbersome or require unacceptably long turnaround times to be useful in some resource-limited clinical settings, especially if the most efficient matrix algorithms are used. To assist in the implementation of the proposed methods at remote sites, we developed a freely available web-based application, 'Measurement Enhanced Pooling Assay Calculator' (http://mepac.ucsd. edu) (see Supplementary methods). The application tracks and supports the implementation of the search and retest algorithm based on the viral load values of the pooled and individual samples, such that it determines which sample to test next in the algorithm and provides the relative efficiency of each experiment. Previously published simulations also provide data on how various pool sizes and platforms can be tested based on the theoretical prevalence of virologic failure in the population [24] . Additionally, other methods used in conjunction with this proposed strategy may prove even more useful, such as self-reported adherence to ART or risk scores to identify a subset of patients with a high likelihood of harboring virologic failure that could be tested separately [38, 39] . Similar to the pooled NAT strategy overall, the use of adherence measures and the Measurement Enhanced Pooling Assay Calculator (MEPAC) application will need to be evaluated under local conditions, especially in resource-limited settings, to determine feasibility and cost-effectiveness.
Several factors, in addition to cost, efficiency and accuracy, must be considered before instituting a method to screen for virologic failure during ART. Turnaround time has a significant impact on the clinical management of patients. The turnaround time for viral load results was faster for the minipool than for individual testing; however, the more efficient matrix platform had the longest turnaround time. Nevertheless, on average, 66% of the samples were resolved in the first day using the matrix platform. The time required to obtain enough samples for each pooling method will impact their turnaround time. The size of the clinical population receiving ART and the frequency at which screening occurs will determine the rate of specimens available for screening [24] . For these studies, we screened our population retrospectively; so all samples were immediately available. We also chose the time point of 6 months after the start of each patient's initial ART regimen for screening, which would most likely limit the frequency of virologic failure in this study population followed regularly with viral load monitoring. The prevalence of virologic failure in our setting was 23%, and with a higher or lower prevalence, both matrix and minipool methods can be expected to be less or more efficient, respectively [26] . The prevalence of virologic failure is likely to be high and the range of viral loads wide in resource-limited populations among patients that have not previously received virological monitoring during ART [13, 14] . With regular virologic monitoring during ART, however, as with our proposed NAT methods, virologic failure can be identified and therapy changed earlier, likely reducing the prevalence of virologic failure and the progressive accumulation of antiviral drug resistance. Examples of other factors that should be considered locally when choosing a particular pooling method to screen for virologic failure during ART are presented in Table 3 . In summary, both of the pooling methods, matrix and minipool, demonstrated improved efficiency over individual testing to retrospectively screen a study cohort receiving ART for virologic failure, while maintaining excellent accuracy. Ultimately, these methods may prove to be a cost-effective way to monitor patients receiving ART in resource-limited settings; thereby, limiting the development and transmission of HIV drug resistance and preserving ART options for patients and communities.
